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SUIMAEY 

An investigation vas conducted to determine the knock-limited 
.power o'btaina'ble "by injecting water solutions of moncmethyl amine 
and dimethylamine as internal coolants into a CFE engine using AIT-F-28 
Amendment -2, fuel. Approximately saturated solutions were used 
which resulted in 32 percent "by weight of monomethylamine in water 
and 27 percent hy weight dimethylamine in water. The internal cool- 
ants were injected in the following proportions: water and the 
monomethylam.ine -water solution, 0.25 and 0.50 pound per pound of fuel; 
dimethylamine -water solution, 0.25, 0.50, and 0.75 p^vjid per povjid of 
fuel. In addition, a test was conducted with 0.50 pound dimethylamine 
water solution per pound of fuel to determine the effect on engine 
performance of increasing the exhaust "back pressure at high power 
outputs . 

Luring the investigation, an indicated mean effective pressure 
of 967 poimds per sq.uare inch was attained at a fuel -air ratio of 
0.092 when using a 0.75 poimd dimethylamine -water solution per pound 
of fuel. For fuel-air ratios between 0.05 end 0.10, increasing the 
e:>ihaust pressure had little effect oca the knock-limited indicated 
mean effective pressure. 



IITTEODUCTIOK 

The effect of injecting water into the intake -air system of an 
aircraft engine has "been investigated by many laboratories. These 
investigations show that considerable increases in knock-limited 
power (references 1^ 2, and 3) and temperature -limited power (refer- 
ences 4 and 5) are possible. Additional improvements In performance 
have been noted when mixtures of water and water-soluble compounds 
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rather than water alone were used. Various lal)oratories have tested 
methyl and ethyl alcohol; Heron and Beatty (reference 6) tested 
isopropyl alcohol; the laboratories of Shell Development Company 
tested moncmethyl amine; finding it much more effective than methyl 
alcohol; and the laboratories of the NACA tested methyl alcohol^ 
ethyl alcohol; amnoni-um hydroxide , moncme thyl amine , dime thy 1 amine , 
and trimethylamine . (See references 7 and 8,) The use of water- 
soluble as well as fuel-soluble antiknock additives can therefore be 
applied toward the improvement of aircraft -engine performance . 

Tests of three aliphatic amines in a CFE engine have been con- 
ducted at the NACA Aircraft Engine Research Laboratory as part of a 
general investigation of the antiknock effectiveness of internal 
coolants. The preliminary tests, which are presented in reference 8, 
indicated that monomethylamine -water and dimethyl amine -water solu- 
tions are extremely effective in raising the knock-limited perfcm- 
ance of AN-F-28 fuel. The range of operation of those tests , howoTer, 
was limited to a fuel flov of 30 pounds per hour and an inlet -air 
pressure of 150 inches of mercury absolute. After the limits were 
raised to a fuel flow of 80 pounds per hour and an inlet-air pressure 
of 225 inches of mercury absolute , additional tests were run during 
which two four-hole cylinders were cracked at an indicated mean 
effective pressure of 700 pounds per sq.uare inch. The research pro- 
ject was continued during May and Jiine 1944 after a specially 
machined two-hole cylinder had been obtained. Data obtained with 
the new c^^linder and the extended fuel-flow and air-flow limits are 
presented herein. 



El^TGINE AND AUXILIARY EQUIPME:NT 

A standard CFR high-speed crankcase equipped with copper-lead 
main bearings, a thick walled wrist pin,, and an extra heavy aluminum 
piston was used for these tests. The cylinder was similiar to a 
standard CFR casting except that the boimcing-pin hole was tapped 
with an 18-millimeter spark-plug thread at an angle of 25 to the 
Vertical and the inside corner between the cylindrical wall and the 
flat-top head was machined with a l/4-inch fillet to prevent stress 
concentration. Sodium-cooled exhaust and intake valves were installed. 
The JiOO-horsepower dynEimcmeter was connected to the engine by means of 
a coupling and a bell flange bolted directly to the engine fl;^^eel . 

The fuel-flow and air-flow systems were the same as described 
in reference 8 except that a two-cylinder injection pimp delivered 
fuel to the manifold. The amine solutions were forced directly from 
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the supply dorum to the rotameter "by a lo-v-prt^ssnre air supply and 
then passed throup^b. a. circulation pUTip and a cooler to a high 
pressure injection pump. The internr.l coolant was intermittently 
injected into the intake manifold throMgh a liigli pr.^essure nozzle 
"begi-nrdng at 110^ A .T .C . on the inta/:o i^tro^^e . Wi.\en ".mter was 
used- for the coolt.nt, it vas taken dJr--»r.-^.j.y from che city mains 
to the rotCT.eter moasuji-ing: the intf:rr^aj • -coolant ilov. 

A dual c.'MLbv.Bnion-air system vas installed. vhere'by iniet-air 
pressures up- t-o 190 inches of mercuiy absolute vera cttainad '^rith a 
pressure ref-iiLator: inlet-air pressures from 190 to 225 inches of 
mercvLTy abnolute wore cb Gained "by throttling di.rectly from the air 
supply- Air meas jrem.ents wei'e taken as descrihed in reference 8 
exc-.^:- r. that v'le nlc:}i oifrlfruCe diff erer.tial vces^'are?^ were read on a 
m'?.":..om6tc-)r contGiniig betrabro.ooet/hane instead of water. 

A special spark plug inserted in the slanted top cylinder 
hole ignited the charge. The same spark plug was used for all 
tests and did not require clesning d'iring the tests. Knock was 
detected hy a mag;netoctriction pickup imit and was recorded . on a 
cathode-ray oscillograph. 

A surge tank with a vorome of 2^ cuhic feet was placed in the 

exhaust line very close to the engine. The surge tank gave a smooth 
control on the exhaust hack pressure and reduced surging when atmos- 
pheric hack pressure was desired. 

TEST PEOCEFJRE 

The internal coolants tested were: (l) water j, (2) a solution 
of 32 percent hy weight monome thy 1 amine in water, and (3) a solution 
of 27 percent hy wej.ght dime thy lamine in water. The amine -water 
solutions were ohtained coinmercially and were of a technical grade. 

Each test consisted of a series of knock-limited runs covering 
the normal range of fuel-air ratios. A few of the tests were cut 
short he cause the Liolet-pressur^^ lim.::t of 225 inches of mercury 
aheolute or the fuel-flov lii.a:/: of 80 pou.iid3 per ;iour wap reached. 
During all tesi::s the following engine coAdi-oions were maintained 
constant: 
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Engine speed; rpm . . . . 
Compression ratio . . . . 
Spark advance ; deg B .T .C . 
Inlet-air temperature ^ 
Coolant temperature; . 
Oil temperature; . . . 



2500 
7 .0 

30 
250 
250 
150 



The ratio "between fuel flov and internal-coolant flow was 
maintained "by using a rotameter in each line and "by prrportri -inately 
changin the two flows. The fuel flow was checked with an automatic 
fuel-weighing stand. The fuel rotameter was calibrated against the 
fuel-weighing stand; and the coolant rotameter was similarly cali- 
brated for each internal coolant. A single "batch of AN-F-28; 
Amendment-2; fuel was used for all tests. 



The knock-limited Indicated mean effective pressure; the inlet- 
air pressure; the indicated specific fuel consumption; and the 
indicated specific liquid consumption as functions of fuel-air ratio 
are presented in figures 1; 2; and 3 for straight fuel and for fuel 
plus the internal coolants added in the proportion of 0.25; 0.50; 
and 0.75 poimd per pound of fuel. All contributions to the heat of 
combustion by the internal coolants were entirely neglected when 
the fuel consumptions were computed. All tests were run at approxi- 
mately atmospheric exhaust pressure except one which was run at an 
exhaust pressure equal to half the inlet-air pressure. The results 
of this test; in which 0.50 pound dimethylamine solution was injected 
per pound fuel; are presented in figure 3. The relative powers 
resulting from the use of internal coolants were calculated from the 
curves in figures 1 to 3 and are given for several fuel-air ratios 
in table I. 

The curve for straight fuel shown on figures 1 to 3 represents 
the average of seven tests ; one of which was run on the same day as 
one or more of the internal-coolant tests. It was necessary to 
average these seven cui'^/'es because they were not in close agreement; 
presumably because of the effect on the engine of the extremely high 
powers that were attained between the check tests. The maximum 
variation from the mean curve of indicated mean effective pressure 
was about 12 pounds per square inch near .the stoichiometric -mixture 
ratio and decreased to about 3 pounds per square inch at a fuel -air 
ratio of 0 .105 and higher. 



PEESMTATION OF RESULTS 
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The power c^oi'Ve^ in figures l(a) and 2(a) demonstrate that vith 
vator the greartest power increases were olDtained at or near the 
stoichiometric -mixture ratio. The amine solutions^ on the other 
hand; gave their greatest increases in the rich-mixture region. For 
each inteiTiel coolant-fuel ratio ^ the amine solutions allowed higher 
knock-limited powers and lower indicated specific fuel consumptions 
at fuel-air ratios below 0.09 than did water. Except for a small 
region arouJid the stoichiometric -mixtui'^e ratio, the addition of 
0.25 pound of either amine solution permitted greater knock-limited 
powers than did the addition of 0.50 pound of water per poiand of 
fuel. 

The injection of 0.75 poujid dime thylmlne -water solution per 
pound fuel permitted the attainment of a Imock-limited indicated 
mean effective pressure of 967 pounds per sq^uare inch, corresponding 
to 3,05 indicated horsepower per cuhic-inch displacement, at a fuel- 
air ratio of 0.092. Com.pletion of the test was prevented hy the 
failure of a cylinder stud; the resulting vibration of the cylinder 
cracked the intake manifold. The engine, which had undergone 
55 hours of operation since an overhaul, was inspected and the fol- 
lowing conditions were noted: 

1. The aluminm piston was quite clean and the rings were all 
free with no filling of the oil slots. (See fig. 4.) 

2. The cylinder showed about 0.001 inch of wear throughout the 
entire length of ring travel. 

3. There was excessive wear of the rings, which were of the 
keystone type used in the F-4 rating engine. The top compress-ir- ii 
ring was worn so much that its compressed gap increased 0.029 iujch 
in addition to the increase permitted by the cylinder wear. The 
increases in the compressed gap of the other rings were slightly 
less. 

4. The exhaust-valve crown was pitted and the stem was rusted 
and scuffed, but its seat was in fairly good condition. The intake 
valve was unaffected. (See fig. 4.) 

Additional tests were imdertaken after larger cylinder studs, 
a new intake manifold, and a new piston had been installed. The 
cylinder wall failed at an indicated mean effective pressure of 
895 pounds per square inch during a test using 0.75 pound 
dime thylamine -water solution per pound fuel. 
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In the h'igh^^pover ranges reached in these tests, the knock 
limit tiecair.9 quite "broad nud was hard to discern. In one instance 
the "boost was accidentally increased 20 poimds per square inch ahove 
the pressure where knock "began, and the ensuing knock trace on the 
oscilliscope did not seem unduly heavy. ITo preignition was encoun- 
tered during the tests. Afterfiring occured only in the tests using 
0.75 pound dimethyl amine -water solution per pound fuel and 0.50 pound 
moncme thy lomine -water solution per pound fuel in the fuel -air-ratio 
ranges from 0.046 to 0,080 and from 0.074 to 0.085, respectively. 
During similar tests reported in reference 3, much afterfiring and 
preignition occured^ as well as frequent spark-plug failures. The 
minimization of these difficulties may have resiated from the use 
of a different tj^^pe cylinder, spark plug, or hoth . 

Increasing the exhaust tack pressure had little effect on the 
knock-limited indicated mean effective pressure at fuel-air ratios 
between 0.05 and 0.10, as sho^voi in figrire 3. For fuel-air ratios 
higher than 0.10, rough riuining and severe decreases in power out- 
put as compared with the atmospheric hack-pressure test were 
oh served. 

The exhaust temperatures were measured for the test using 
0.50 pound dime thyl-amine -water solution per pound fuel and for one 
of the straight-fuel check tests. These temperatures are plotted 
against fuel-air ratio in figure 5. Although the knock-limited 
power obtained in the test using dimethylamine ranged from 1.6 to 
5.2 times that obtained with straight fuel, the exhaust temperatures 
remained lower except in the lean region. There is reason to 
believe that the temperature readings are low inasmuch- as the thermo- 
couple had only a single shield to prevent radiation, but this error 
should not affect the relative position of the two cu3rves. The 
thermocouple and the shield were destroyed when the engine was opera- 
ting at a knock-lj-mited indicated mean effective pressure of about 
800 pounds per square inch. 

The required indicated specific liquid consumptions, for the 
powers attained, can be estimated for the internal coolants from 
figure 6, Tor a given knock-limited indicated mean effective pres- 
sure, 0.25 pound of the amine solutions gave appreciably lower indi- 
cated sT)ecific liquid consumptions than did either 0.25 or 
0.50 pound of water. For each rich-mixture range of knock-limited 
performances, the following combinations of internal coolants and 
coolant -fuel ratios were observed to give the lowest indicated spe- 
cific liquid consmptions: 
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imep range ! Corresponding Internal coolant 
{ib/sq ±n.)\m±n±jmm isle 
1 range , 

I liU/te-brl J — 

Below 220 \ 0.44 to 0.53 Uone 
220 to 370 j 0.53 to 0.65 jMonomethylaraine solu 




Internal 
coolant - 
fuel 
. ratio ■ 



0.25 




'. tion 



.50 
.75 



The steep upward slant of the power curves for the tests using 
0.50 and 0.75 pound of amine solution per pound of fuel indicates 
that still higher powers are feasihle . (See figs. 2; 3; and 6.) 



The results of knock-Limited tests of monomethyl amine -water and 
dime thylamine -water solutions as internal coolants in a CFE engine 
may "be suimmarized as follows: 

1. V/hen 0.75 pound dime thylamine -water solution per pound of 
fuel was used, a knock-limited indicated mean effective pressure of 
967 pound per sq.uare inch, corresponding to 3.05 indicated horse- 
power per cuhic-inch displacement , was attained at a fuel-air ratio 
of 0.092. Completion of the test was prevented hy engine failure. 

2. For any attained power level the indicated specific liquid 
consimiption was appreciatle lower for the amine -water solutions than 
for water alone . 

3. Increasing the exhaust hack pressure had little effect on 
the knock-limited indicated mean effective pressure at fuel-air 
ratios "between 0.05 and 0.10. For fuel-air ratios higher than 0.10, 
rough running and severe decreases in power output as compared with 
the atmospheric hack-pressure test were observed. 

Aircraft Engine Ee search Laboratory , 

National Advisory Committee for Aeronautics, 
Clovoland, Ohio. 
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TABU. I KNOCK-LmiTED EELAinrE PO\^S HESULTING FEOM 

THE USE CF INTERNx\L COCLAI\TS 

[CFR engine; compression ratio_, 7.0; inlet-air tempera- 
ture^ 250^ F; coolant temperature, 25C^ F; spark advance^ 
30^^ B.T.C.; engine speedy 2500 rpm] 



Internal 
coolant 


Weight of 
coolant 
per pound 
of fuel 
(U) 


imep (fuel + intrrna.1 coolant) 


irnep (fuel alcnp) 


Fiiel-air ratlo'^ 


0.05 


0 . 06 


0.07 


0.08 


0.09 


0,10 


None 




1 . 00 


1 . 00 


1 . 00 


1,00 


1.00 


1.00 


Water 


0.25 




1.25 
1.48 


1 . 21 
1.48 


1.21 
1.37 


1.16 
1.24 


1,08 
1,13 


32 percent 
monomethylamine - 
vater solution 


0.25 
.oO 


1.78 
2.22 


1.46 
2.16 


1.66 
2.16 


1,75 
2.17 


1.70 
2,14 


1,60 
2.18 


27 percent 
dimethyl-amine- 
water solution 


0.25 
.50 
.75 


1.72 
1.62 
1.89 


1.42 
1.61 
1.97 


1 . 51 
2.02 
2.60 


1.59 
2.16 
2.63 


1 . 57 
2,24 
3.32 


1 . 55 
2,35 


27 percent 
dimethyl-amine- 
water solution 
with exhaust 

tack pressure^ 


0.50 


1.82 


1.56 


1.92 


2.11 


2.20 


2.15 



^Any contrib'ition of the amines to the) energy of combustion 
was entirely 'neglected in computing the fuel flows. 



•^The indicated mean effective pressure for this test (tack 
pressure eq.ual to half the intake pressui'e) is compared 
with the indicated mean effective presssure for a test of 
straight fuel (atmospheric tack pressure). 



National Advisory Committee 
for Aeronautics 



NACA ARR NO. £412 




la 



uoo 



360 



B2&0 



200 



160 



Internal coolant 
(injected 0.?5 lb per lb fuel; 



None 

o Water 

□ 32-6S percent (wt) monomethylemlne-water 

O 27-73 percent (wt) dim ethyl amine- water 
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.08 .09 

Fuel-air ratio 

(a) Variation of Indicated specific fuel consunption and knock-limited indicated mean effective 
pressure with fuel-air ratio, 

Figijre 1. - Effect of manifold injection of 0.25 pound internal coolant per pound fuel on knock- 
limited engine performance. CFR engine; AR-F-g8, Amendinent-2 , fuel; compression ratio, 7.0; 
coolant temperature, 250° F; spark advance, 30 B.T.C. ; engine speed, 2500 rpra; Inlet-alr 
temperature, 250° F. 
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Fuel-air ratio 

(b) Variation of knock-limited inlet-air pressure and indicated specific liquid consumption 

with fuel-air ratio. 
Figure 1. - Concluded. 
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Fig. 2a 
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Fuel-alr ratio 

(a) Variation of knock-limited Indicated mean effective pressure with fuel-alr ratio, 
Figure 2* - Effect of manifold Injection of 0,5 pound Internal coolant per pound fuel on knock- 
limited engine performance, CFR engine; AN-F-28, Ajnendment-2 , fuel; conipresslon ratio, 7«0; 
coolant temperature, 250° F; spark advance, 30° B.T.C. ; engine speed, ?500 rpm; inlet- air 
temperature, 250*^ ^» 
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(injected OoO lb per lb fuel) 
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O Water 

D percent (wt) monomethy lamLne-water 

O 27-73 percent (wt) dlmethylanlne-water 
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Fuel-air ratio 

(b) Variation of indicated specific liquid consumption and Indicated specific fuel consumption 

with fuel-air ratio. 
Figure 2. - Continued. 
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(Injected O.5O lb per lb fuel) 



None 

0 Water 

□ percent (wt) inonomethylann ne-vater 

O 27-73 percent (wt) dlmethylamlne-wa ter 
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(c) Variation of knock-limited Inlet-alr pressure with fuel-air ratio. 
Figure 2. - Concluded. 
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Fuel-dlr ratio 

(a) Variation of knock-llmltcd Indicated mean effective pressure with fuel-air ratio. 
Figure 3. - Effect of exhaust back pressure and Injection of 0.75 pound dlmethylamlne-water 



solution per pound fuel on knock-limited engine performance. CFR engine; AN-F-28, 
Amendnjent-2 , fuel; compression ratio, 7.0; coolant temperature. 250 F; spark . 



}0° B.T.C; engine speed, 250O rpm; Inlet-alr temperature, 250^ F, 



advance. 
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Internal coolant, 27-73 percent (wt) 
dlmethylamlne-water 

Weight per lb fuel 
(lb) 

-None 
0.75 

!5; exhaust back pressure, 0.5 times 
inlet-alr pressure 
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(b) Variation of Indicated specific liquid consumption and indicated specific fuel conswnption 

vlth fuel-air ratio. 
Figure 3. - Continued. 
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(c) Variation of knock-limited Inlet-alr pressure with fuel-air ratio. 
Figure 3» Concluded. 




(o) Intake value and major-thrust side of piston. 

Figure 4. - Piston and values after 55 hours of operat i on. 
Removed and photographed after engine breakdown at a knock- 
limited indicated mean effective pressure of 967 pounds per 
square inch. 



Fig. 4b 
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(b) Exhaust value and minor-thrust side of piston. 
Figure 4. - Concluded. 
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.7 -9 
Isle, Ib/hp-hr 

Figure 6. - Effect of Internal coolants on the rexatlon between knock-limited indicated mean 
effective pressure and Indicated specific liquid consumption. CFR engine; AN-F-28, 
Amendment-2, fuel; compression ratio, 7«0; coolant temperature. 250° F; spark advance, 
30° B.T.C. ; engine speed, 2500 rpm; Inlet-alr temDerature, 250** F, 
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